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Preparation and Characterization of Polymer/Ferroelectric Ceramic Particle 
Composites for Electroactive Actuation 
ABSTRACT 
by 
PENG PENG 
Electroactive polymers (EAP) as actuators are recently needed in many respects. 
However, the high operating voltage hinders these applications. This drawback could 
be improved by increasing the dielectric constant while maintaining the low stiffness. 
Composites with efficient fillers have the capability to achieve this improvement. 
 
In this thesis, polymer/ferroelectric ceramic particles composites were designed. The 
functional properties such as dielectric and mechanical properties were characterized, 
with the use of broadband dielectric spectroscopy (BDS), tensile mechanical analysis, 
and actuation experiments. 
 
First, phosphoric acid-terminated POSS was synthesized and used to modify the 
Ba0.7Sr0.3TiO3 (BST) particles in order to make a homogeneous dispersion. Nuclear 
magnetic resonance (NMR) results showed that the functional POSS was successfully 
synthesized and the structures were just like designed. Octylphosphonic acid (OPA) 
was also used for the surface modification of BST particles as a comparison. Fourier 
transform infrared spectroscopy (FTIR) indicated that BST@OPA has been 
successfully synthesized. Then, the coated fillers were blended with 
IX 
 
poly(styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) with the use of the Minilab 
counter-rotating twin screw extruder. Scanning electron microscope (SEM) images 
showed the dispersion of the fillers in the matrix. Results showed that POSS is much 
better than OPA as a ligand to approach a homogeneous dispersion. After the sample 
was properly mixed the films were made using a hot-press (temp.160 C). In this step 
several compositions were made to give comparison. 
 
To test the dielectric properties, broadband dielectric spectroscopy (BDS) was used. 
In the BDS study, the relative permittivity, loss, and tanδ were determined. It was 
shown that the use of BST (Ba0.7Sr0.3TiO3) particles can lead to an increase of 
dielectric constant up to 4 times. Young’s moduli for the composites, obtained through 
compression test, were higher than the pure elastomer, indicating that the mechanical 
properties were stiffer. The variation in both electrical and mechanical properties still 
allows for electromechanical improvement. Actuation measurements were taken with 
the use of a Linear Variable Differential Transformer (LVDT). Aluminum was used as 
compliant electrodes and evaporated on the top and bottom of the films. When electric 
field was applied, the film expanded. The mechanically coupled LVDT will convert 
the rectilinear motion into a corresponding electrical signal and measure the actuation. 
The dynamic testing shows the electrostriction can enhance the actuation. 
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CHAPTER 1 Introduction 
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1.1 Background 
Electroactive polymers (EAPs) emerged in the beginning of 1990s, which respond to 
electrical stimulations with change in shape or size. Recently, potential applications 
for electroactive polymers (EAPs) include robotics, artificial muscles, prosthetic 
devices, mini/micro robots, and so on. EAPs have the ability to convert electrical 
energy to mechanical energy, due to the reversible deformation induced by the electric 
field. The performance of the EAPs actuators also exceeds that of natural muscle in 
many respects, making them particularly attractive where muscle-like response is 
needed. Based on EAPs, a number of actuator devices have been made, including 
rolled actuators, tube actuators, bimorphs, and diaphragm actuators.
1-4
 
 
However, a number of other issues about requirements for practical applications need 
to be addressed. Among those, the high operating voltage is a major concern 
hindering many applications, particularly in some of the potential areas, e.g., 
biomedical devices. Due to these drawbacks, EAPs still do not have many commercial 
applications. Hence, finding new materials which enable lower operating voltages is 
the current aim of research. To overcome this drawback, both the dielectric and 
mechanical properties should be concerned, because the ideal EAPs should have a 
high actuation pressure and low Young's modulus to survive high electric fields. 
 
The performance of actuation relies on the possibility of applying high electric fields 
and large deformation. The reduction in the operating voltage could be approached by 
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decreasing the thickness of the films and increasing the dielectric constant. Given the 
difficulties of processing and handling of very thin elastomer films, improvement of 
dielectric constant is the mainly interest of research.
5
 It is expected that an increased 
dielectric constant can lead to a significant reduction of the high driving voltage. In 
addition, the need for polymer capacitors that can store large amount of energy is 
growing. With the ability to deliver energy instantaneously, they can be used for 
power systems, hybrid electric vehicles.
6
 
 
Many literatures have reported the approaches for increasing the dielectric constant: 1) 
blend ferroelectric ceramic particles with polymers to make composites; 2) disperse 
conductive particles below the percolation threshold; 3) synthesize new materials with 
high dielectric constant. The remainder of this thesis will focus specifically on the 
polymer/ferroelectric ceramic particle composites. It has been proved that dispersing 
high dielectric constant metal oxide particles such as TiO2 and BaTiO3 in a polymer 
matrix can lead to enhancement of the dielectric properties. For example, Zhang et al.
7
 
reported the dielectric constant of the composites with Pb(Mg1/3Nb2/3)O3–PbTiO3 
powders can reach more than 250 with a weak temperature dependence. Cheng et al.
8
 
introduced a novel ceramic–polymer 0–3 composite system using semiconductor-like 
CCTO ceramic as filler, of which a dielectric constant for the composites at room 
temperature reaches more than 610 and 330 at 100 Hz and 1 kHz, respectively. It 
should also be noticed that the increase of the dielectric constant of a compliant 
capacitor may change the elastic properties. The balance need to be found, where the 
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composite retains certain high performance. 
 
This thesis aims at designing polymer/ferroelectric ceramic particles composites, and 
investigating the functional properties such as dielectric and mechanical properties. In 
order to achieve a better dispersion, the phosphoric acid-terminated polyhedral 
oligomeric silsesquioxane (POSS) was synthesized, and used to coat Barium 
Strontium Titanate (Ba0.7Sr0.3TiO3, BST) particles. Poly(styrene-b-(ethylene-co- 
butylene)-b-styrene) (SEBS) was used as the polymer matrix because of its low 
modulus. The final composite was prepared with the use of the Minilab 
counter-rotating twin screw extruder. It is expected that the variation in both electrical 
and mechanical properties still allows for electromechanical improvement. For further 
understanding the POSS’s efficiency, OPA was used for the surface modification of 
BST particles as a comparison. The Fourier transform infrared spectroscopy (FTIR) 
result indicated that BST@OPA has been successfully synthesized. The SEM results 
showed that POSS is better as a dispersant to achieve a homogeneous dispersion. 
 
The Minilab counter-rotating twin screw extruder used in this thesis is Thermo 
Scientific HAAKE Mini-Lab II, a micro compounder for small sample amounts. This 
minilab allows a sample amount of 5 g only, which reduces the compounding 
expensive and makes possible for small scale materials such as nano-composites, 
bio-polymers or pharmaceuticals. The system is based on a conical, twin-screw 
compounder with an integrated backflow channel. This micro compounder can be 
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used with co- or counter-rotating screws and is equipped with an inert gas flush 
system. Continuous extrusion of very small volume is possible with the optional force 
feeder. The required reaction time for the reactive mixture can be controlled easily by 
running the instrument in circulation mode. At the end, the bypass valve can be 
opened and the sample is extruded as a strand. 
 
In this thesis, to record the actuation, the Linear Variable Differential Transformer 
(LVDT) was used. LVDT is an electromechanical transducer that can convert the 
rectilinear motion of an object to which it is coupled mechanically into a 
corresponding electrical signal. This sensor has the capability to measure movements 
as small as a few millionths of an inch up to several inches. 
 
1.2 Literature Review 
1.2.1 Materials 
In this section, the structure and the basic properties of the materials used in this thesis 
are described. 
 
1.2.1.1 Ba0.7Sr0.3TiO3 (BST) and Surface Modification 
Barium Strontium Titanate (BST) exhibits a large dielectric constant, has been 
investigated for semiconductor applications, and is an enabling material in several 
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integrated circuit (IC) applications. Moreover, BST is also under consideration for 
microwave applications owning to their low dielectric losses at room temperature and 
microwave frequencies.
9, 10
 
 
The electrical behavior of BST is dependent upon its material properties, including its 
stoichiometry, crystal structure, and the grain size. In the paper published by Zhang et 
al,
11
 the decreases of the grain size may lead to the decrease of curie transition 
temperature and the dielectric constant. Meanwhile, the curie transition becomes 
diffuse. The leakage behavior of BST films dependents on its A/B ratio; the dielectric 
constant has also been shown to be dependent upon both Sr/Ba ratio and A/B 
[(Ba+Sr)/Ti] site ratio.
12
 The curie point of BST increases as the Ba/Sr ratio increases, 
while the dielectric constants are independent of frequency.
13
 
 
In this thesis, based on other researchers’ work, 200 nm (BET) BST particles 
(HBS-2000, TPL, Inc.) were used. HBS-2000 is made up of a Barium Strontium ratio 
of 67:33, with the Curie point around the room temperature. The particles have a 
specific surface area of 3.6-10.9 m
2
/g, and are designed to meet the demanding of 
electronic applications. 
 
Because of strong Van der Waals interaction, which may induce the particle 
agglomeration, homogeneous dispersion of inorganic nanoparticles in a polymer 
matrix is not an easy task. To achieve a better dispersion, Ba0.7Sr0.3TiO3 particles are 
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coated by phosphonic acid-terminated POSS. POSS is the trade name of polyhedral 
oligomeric silsesquioxanes. Its molecule has a cage-like shape. Because of the 
inorganic cage and the surrounding organic groups, POSS has the ability to associate 
the properties of inorganic materials to the organic substances. 
 
POSS has many applications such as food packaging, metal deactivator, flow aids, 
catalysts and so on. POSS can reduce the coefficient of friction when added to 
thermoplastics. The ability to improve melts flow without sacrificing either modulus 
or yield strength makes POSS a very good flow aids. It has been reported that the 
addition of a variety of POSS reagents to isotactic PP is possible without degrading 
the existing properties of the polymer too greatly.
14
 
 
In this study, phosphonic acid-terminated POSS was synthesized and used as 
dispersants. POSS dispersants have proven effective for specialty fillers and pigments 
compounded into high temperature polymers. 1,2-Propanediolisobutyl POSS 
(AL0130, CAS: 480439-49-4, Hybird Plastics, Inc.) with the formula weight of 
949.64 g/mol was used in this thesis. Scheme 1.1 shows the formula of the 
1,2-propanediolisobutyl POSS. 
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Scheme 1.1: Formula of the 1,2-propanediolisobutyl POSS (C34H76O15Si8). 
 
In order to have a better understanding of the POSS’s efficiency as the dispersant, 
OPA was also used for the surface modification of BST particles as a comparison. The 
OPA used in this thesis was purchased from Aldrich (735914, CAS: 4724-48-5). 
Scheme 1.2 shows the formula of OPA, with a formula weight of 194.21 g/mol. 
 
Scheme 1.2: Formula of OPA (C8H19O3P). 
 
1.2.1.2 Poly (styrene-b-(ethylene-co-butylene)-b-styrene) (SEBS) 
SEBS is a kind of Styrene Block Copolymers (SBCs), which are considered as the 
largest volume category of thermoplastic elastomers. Generally, the SBCs consist of at 
least three blocks: two hard polystyrene end blocks and one soft, elastomeric 
midblock. The incompatibility of the hard blocks and soft midblock causes phase 
separation on a microscopic scale. The polystyrene blocks form separate domains in 
the elastomeric matrix, acting as physical crosslinks. This structure provides the 
material rubber-like qualities. 
9 
 
 
Anionic polymerization can be used to synthesize SBCs. This process generates a 
non-terminating living end for every polymer chain, making it possible to precisely 
control the ratio of the monomers and the lengths of the hard and soft segments. 
Thereby, the molar mass and properties of the end product are predicable. However, 
commonly used monomers for this polymerization are styrene, butadiene and isoprene. 
The poly(styrene-butadiene-styrene) (SBS) is always produced on a commercial scale, 
and the elastomer segments contain one double bond per unit. In the following steps, 
double bonds are saturated by hydrogenation and the copolymer of ethylene-butylene 
(EB) is synthesized. Without the double bond, the final product SEBS shows better 
stability and excellent weather and chemical resistance. 
 
In this thesis, the linear triblock copolymer based on styrene and ethylene/butylene 
with a polystyrene content of 13% (Kraton G1657M Polymer) is used. The styrene/ 
rubber ratio of the SEBS is 13/87, and 300% modulus is 350 psi. The chemical 
formula shows in Scheme 1.3. 
 
Scheme 1.3: Chemical formulas of SEBS. 
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1.2.2 Dielectrics 
When a conductor or a semiconductor is exposed to an electric field, the free electrons 
will flow under the electric force, which leads a charge transport or electric flux. 
However, in an insulator, no free electrons are able to move, but the passage of the 
electric field is still permitted. To describe how the electric field interacts with atoms 
or molecules inside, the physical model for dielectrics is used. 
 
Dielectric response is frequency dependent, and the delay between the polarization 
and the field always exists. However, we can consider that the static field means the 
frequency is almost 0. It will be easy to understand the dielectric model in a static 
field. As illustrated in Scheme 1.4, a capacitor consists of two parallel electrodes of an 
area (A) separated by a distance (d). When the electrodes are charged by the constant 
voltage (V), the surface electric density of the electrodes will be + A, where Q is the 
amount of charge. 
 
11 
 
 
Scheme 1.4: Charges on a parallel-plate capacitor: left) a vacuum between the plates; 
right) a dielectric between the plates. 
 
In Scheme1.4, for the left one with vacuum between the two plates, the electric field 
developed is: 
E =
𝑉
𝑑
                          (1.1) 
The right has a dielectric inserted. E’ is the electric field strictly due to the 
polarization charges in the dielectric. E is the electric field strictly due to the charges 
on the metal plates. The actual electric field in the dielectric E0, which is a sum (a 
superposition) of E and E’, is: 
𝐸0 = 𝐸 − 𝐸′                   (1.2) 
When a static electric field is applied, the charge components in the dielectric medium 
will be redistributed. This effect is known as polarization. For the non-polar materials, 
they will become polarized because the nuclei will be driven by a force in the 
direction of the field while the electrons feel a force opposite to the field. Thus, a 
dipole moment or displacement is induced. For the materials are polar with permanent 
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dipoles, the dipoles will flip from random alignment to parallel to the field. The 
polarization P can be described as: 
P = E′𝜀0                         (1.3) 
where 𝜀0 is permittivity of vacuum space and has the value of 8.85*10
−12
 F/m. 
Then the dielectric constant, also called relative permittivity is defined as: 
ε =
𝐸
𝐸0
                      (1.4) 
 
The dielectric constant is proportional to the amount of the polarization, while is 
independent to the voltage or the electric field. So, the dielectric constant or also 
called relative permittivity is an essential property and can vary from material to 
material. However, dielectric constant also depends on frequency. 
 
In order to save materials and packaging costs, high dielectric constant polymers are 
highly needed for high performance applications, such as artificial muscles, film 
capacitors, and so on.
15, 16
 To approach high dielectric constant, the utilizing of 
orientation polarization is necessary. There are five recognizable types of electrical 
polarization. They are: electronic, atomic, dipolar, ionic polarization and interfacial 
polarizations. As said before, dielectric constant also depends on frequency. There are 
detailed introduction about the five polarizations at a specific frequency reported.
17
 
The five types will be briefly introduced bellow: 
 
Electronic polarization arises from the distortion of electronic distribution. As a 
13 
 
universal polarization response, the displacement of electronic polarization is quite 
small, due to the high intra-atomic field, and dipole moment is proportional to the 
applied field. 
 
Atomic polarization arises from the distortion of the arrangement of atomic nucleus, 
which makes a minor contribution. The nucleus is too heavy to move like electrons; 
therefore, the atomic polarization occurs at lower frequencies compared to the 
electronic polarization. With the dielectric constant obtained at different frequencies, 
the contribution of atomic polarization can be evaluated. However, for the inorganic 
solids, the magnitude of atomic polarization is larger, especially for that without 
symmetric arrangements of positive and negative centers. 
 
Dipolar polarization arises from the rotation of dipole moments in the molecular 
group. The molecules tend to reduce their potential energy by realigning when the 
electric field is applied. So, as the electric field increasing, the polarization will reach 
a saturation value. Besides, switching the orientation of the electric field will also 
change the direction of the polarization. During this, hysteresis loop is observed 
especially for the ferroelectric materials. 
 
Ionic polarization arises from the migration of ions over a large distance (>10 nm). 
This type of polarization is the fundamental operating mechanism for super 
capacitors.
18
 Due to the displacement of charge carriers along large domains, it always 
14 
 
occurs over fractions of a second to hours. When an electric field is applied, the pliant 
interaction of charge pairs will delocalize temporarily on long polarizable molecules, 
forming monopoles which gives rise to high polarizabilities.
19
 It should also be 
mentioned that the transport of ions will also result in high dielectric loss. 
 
Interfacial polarization arises from build-up of charges at the interfaces of 
heterogeneous systems. The interface charge accumulation lead to an increase of the 
dielectric constant. But the discharge of interfacial polarization takes a long time to 
complete. Based on this type of polarization, the polymer/inorganic nanoparticle 
composites have been studied to enhance the apparent dielectric constant for 
high-permittivity dielectrics. However, the non-uniform field in the polymer matrix 
may result in the lower apparent electric breakdown strength. 
 
1.2.3 Actuation 
Electroactive polymers (EAPs) actuators are regarded as compliant capacitors, which 
have the capability to convert electrical energy to mechanical energy, due to the 
reversible deformation induced by the electric field, and the coupling of the 
electrostatic stress with the elastic deformation. The operating principle of EAPs is 
shown in Scheme 1.5. 
15 
 
 
Scheme 1.5: Schematically view of EAPs operating principle. 
 
When apply a voltage to the compliant electrodes, charges will be accumulated as a 
result of polarization in the dielectric material. The electrostatic force generated by 
these physical charges, also known as the Maxwell stress, on opposing electrodes 
leads to a deformation. Thus, the electrical stress on the dielectrics leads to 
mechanical deformation in a direction perpendicular to the electric field. The ideal 
EPAs should have a high electrostatic pressure and low Young's modulus to support 
high applied electric field. 
 
Assume that the volume of the dielectric elastomer is fixed, when compress the 
dielectric film, the effective compressive stress P can be described as:
20
 
P = ε𝜀0𝐸
2                           (1.5) 
where  ε is the relative dielectric constant of the dielectrics, 𝜀0 is the permittivity  
of free space, and E is the electric field. This equation describes the result of both 
16 
 
compressive stress acting in the thickness direction and tensile stresses acting in the 
longitudinal directions. 
 
For low strains (e.g., <10%), where the stress is proportional to the strain and the 
slope of this elastic limit is the Young's modulus, the thickness strain S can be 
approximated by: 
S = −
P
Y
= −ε𝜀0𝐸
2/𝑌                     (1.6) 
where Y is the Young’s modulus. 
 
However, for higher strains, the planar area increases substantially as the material is 
compressed.
19
 So, for high strains, nonlinear materials, another useful measurement is 
used: electromechanical energy density e, which defined as the amount of electrical 
energy converted to mechanical energy per unit volume of material for one cycle.
21
 
The electromechanical energy density can be written as: 
e = −Pln(1 + S)                     (1.7) 
where P is the constant compressive stress. 
 
Two types of strain tests for the dielectric elastomer are described theoretically by 
Carpi et al.:
22
 isotonic (at constant load) and isometric (at constant length) conditions. 
Assume that the volume of the dielectric material is fixed; the mechanical equilibrium 
of the actuator can be described as: 
𝑆𝑥𝑥 =
1
𝑌
𝑇𝑥𝑥 −
1
2𝑌
𝑇𝑦𝑦 −
1
2Y
𝑇𝑧𝑧             (1.8) 
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𝑆𝑦𝑦 =
1
𝑌
𝑇𝑦𝑦 −
1
2𝑌
𝑇𝑥𝑥 −
1
2Y
𝑇𝑧𝑧             (1.9) 
𝑆𝑥𝑥 =
1
𝑌
𝑇𝑧𝑧 −
1
2𝑌
𝑇𝑦𝑦 −
1
2Y
𝑇𝑦𝑦            (1.10) 
where S and T are the actuator strain and stress along the Cartesian axes. 
 
For isotonic (at constant load) condition, also called pre-stress, considered Txx = 
(constant stress), Tyy=0, and the electric field along the thickness direction is given by 
Tzz=-P, the equilibrium is written as:  
𝑆𝑥𝑥 =
1
𝑌
𝑇𝑥𝑥 +
1
2Y
𝑃                 (1.11) 
𝑆𝑦𝑦 = −
1
2𝑌
𝑇𝑥𝑥 +
1
2Y
𝑃              (1.12) 
𝑆𝑧𝑧 = −
1
𝑌
𝑇𝑥𝑥 −
1
Y
𝑃                (1.13) 
 
For isometric (at constant length) condition, also called pre-strain, consider that Sxx=0, 
Tyy=0 and Tzz=-P, then along the x axis the equilibrium can be expressed: 
0 =
1
𝑌
𝑇𝑥𝑥 +
1
2Y
𝑃                 (1.14) 
𝑆𝑦𝑦 = −
1
2𝑌
𝑇𝑥𝑥 +
1
2Y
𝑃              (1.15) 
𝑆𝑧𝑧 = −
1
𝑌
𝑇𝑥𝑥 −
1
Y
𝑃                (1.16) 
 
In many researches, pre-strain is used. High pre-strain will stiffen the film in the 
planar direction, and lead the film to actuate primarily in the low pre-strain planar 
direction and softer parts. However, in this study to measure the deformation, the 
Linear Variable Differential Transformer (LVDT) was used, which can convert the 
rectilinear motion of an object into a corresponding electrical signal. Even a few 
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millionths of an inch motions can be measured by this sensor. By measuring the strain 
of the Z axis, the deformation of the area can also be derived. 
  Assumed that the volume of the composites is constant, it can be determined that: 
(1 + 𝑆𝑥)(1 + 𝑆𝑦)(1 + 𝑆𝑧) = 1          (1.17) 
  If the area changes from A to A’, it could be easy to know that: 
𝐴′ = (1 + 𝑆𝑥)(1 + 𝑆𝑦)𝐴               (1.18) 
  Then it can be derived that the deformation of the area, Δ is: 
 𝛥 =
𝐴−𝐴′
𝐴
=
1
1+𝑆𝑧
− 1                   (1.19) 
𝑆𝑧 =
1
1+Δ
− 1                        (1.20) 
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CHAPTER 2: Preparation of Composite 
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2.1 Introduction 
In this chapter, the synthesis of the final product is discussed. Considering that the 
strong Van der Waals interaction may induce the particle agglomeration, 
homogeneous dispersion of inorganic nanoparticles in a polymer matrix is not an easy 
task. In order to achieve a better dispersion, both the modification of the ceramic 
particles and the mechanical blending are needed. 
 
As mentioned before, POSS has the capability to be used as dispersants. POSS 
dispersants have proven effective for containing specialty fillers and pigments 
compounded into high temperature polymers. In this study, phosphonic 
acid-terminated POSS was synthesized to fulfil the application of POSS. In order to 
have a better understanding of the POSS efficiency as the dispersant, OPA was also 
used for the surface modification of BST particles as a comparison in this study. 
 
BST particles, which exhibit a large dielectric constant, were used as the ferroelectric 
ceramic fillers, and finally coated by the phosphonic acid-terminated POSS. As we 
known, the electrical behavior of BST is extremely dependent upon its material 
structures, including its stoichiometry, crystal structure, and grain size. The leakage 
behavior of BST films dependents on its A/B ratio; the dielectric constant has also 
been shown to be dependent upon both Sr/Ba ratio and A/B [(Ba+Sr)/Ti] site ratio.
12
 
The curie point of BST increases as the Ba/Sr ratio increases, while the dielectric 
constants are independent of frequency.
13
 Based on other researchers’ work, the BST 
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with a barium/strontium ratio of 67:33 was used, whose Curie point is around room 
temperature. 
 
SEBS was used as the polymer matrix for its low modulus and elastic property. The 
commercial SBS, in which the elastomer segments contain one double bond per unit, 
is saturated by hydrogenation and the copolymer of ethylene-butylene (EB) is 
synthesized. Without the double bond, the final product SEBS shows better stability 
and excellent weather and chemical resistance. In addition, to make a better dispersion, 
the final composite was also prepared with the use of the minilab counter-rotating 
twin screw extruder. 
 
In this thesis, the particles used were 200 nm (by BET) BST particles (HBS-2000, 
TPL, Inc.). The particles have a specific surface area of 3.6-10.9 m
2
/g. The elastomer 
matrix used in this study was the linear triblock copolymer based on styrene and 
ethylene/butylene with a polystyrene content of 13% (Kraton G1657M Polymer). The 
styrene/ rubber ratio of the SEBS is 13/87, and 300% modulus is 350 psi. 
 
The minilab counter-rotating twin screw extruder used in this thesis is Thermo 
Scientific HAAKE Mini-Lab II, a micro compounder for small sample amounts based 
on a conical, twin-screw compounder with an integrated backflow channel. This 
minilab allows a sample amount of 5 g only. Continuous extrusion of very small 
volume flows is possible with the optional force feeder. The residence time is well 
22 
 
defined through the channel and a bypass valve. Two pressure transducers are 
integrated in the backflow channel, allowing the measurement of (relative) melt 
viscosity (counter-rotating screws required). This micro compounder can be used with 
co- or counter-rotating screws and is equipped with an inert gas flush system. The 
fillers and polymer matrix were blending under the circulation mode. At the end of the 
test, the sample is extruded as a strand.  
 
For the synthesis part, 1,2-Propanediolisobutyl POSS (AL0130, CAS: 480439-49-4, 
Hybird Plastics, Inc.), with a formula weight: 949.64 g/mol, was used as the main 
material. Another important reagent is diethylphosphonoacetic acid (268127, CAS: 
3095-95-2, ALDRICH). 
 
Besides, N,N’-dicyclohexylcarbodiimide (DCC) (D80002, CAS: 548-75-0, Aldrich) 
was used as coupling reagent for dehydrations. 4-(Dimethylamino) pyridine (DMAP) 
(107700, CAS: 1122-58-3, Aldrich) and bromotrimethylsilane (TMBS) (194409, CAS: 
2857-97-8, Aldrich) were catalyst. All of the chemicals used in this thesis are shown 
in Scheme 2.1. The solutions used in the study are dry dichloromethane, acetonitrile 
(MeCN), CH3OH, and the mixture of xylene and ethanol. 
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Scheme 2.1: Chemical formulas of a) diethylphosphonoacetic acid; b) 
N,N’-dicyclohexylcarbodiimide (DCC); c) 4-(dimethylamino) pyridine (DMAP); d) 
bromotrimethylsilane (TMBS). 
 
The OPA used in this thesis was purchase from Aldrich (735914, CAS: 4724-48-5). 
Scheme 1.3 shows the formula of OPA with the formula weight: 194.21 g/mol. 
 
2.2 Experiment Section 
This section introduces the synthesis of phosphonic acid-terminated POSS and the 
modification BST particles with OPA and phosphonic acid-terminated POSS. Then, 
the preparation of final composites was detailed. 
 
2.2.1 Synthesis of POSS and Surface Modification of BST 
The POSS purchased was propanediolisobutyl-terminated. To synthesize the 
phosphonic acid-terminated POSS, several steps were needed. The whole processing 
approach was as shown in Scheme 2.2. 
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Scheme 2.2: Processing approach to make the final product. 
 
1,2-Propanediolisobutyl POSS (12 g, 12.64 mmol), DCC (6.06 g, 29.4 mmol), and 
DMAP (0.36 g, 1.4 mmol) were added into dichloromethane (DCM, 150 mL). Before 
used, the DCM was stirred with CaH2 overnight and purified by the syringe filter 
(pore size: 0.2 µm), to remove water and other impurities. The whole system was 
sealed and stirred until totally dissolved. After purged for over 30 mins by nitrogen, 
the diethylphosphonate acetic acid (5.78 g, 4.74 mmol) was added with an injector. 
With the injection of the diethylphosphonate acetic acid, the content turned to cloudy 
immediately. The whole content was stirred for 12 hours at room temperature and 
after that it was light yellow. 
 
In this step, bis-phosphonate ester-terminated POSS was synthesized. The by-product, 
3-bis(1-hydroxy-2, 2, 2-trichloroethyl) urea (DCU) was filtered and the solvents were 
removed under reduced pressure. Keep filtering several times until the by-product 
DCU was white while the solvent was clear. Then, a rotary evaporator was used to 
remove the solvent and yellow residue was left. The residue was purified by 
recrystallizing from acetonitrile (MeCN, 125 mL) to afford the product 
bis-phosphonate ester-terminated POSS, as a white solid. When recrystallizing, the 
yellow residue was dissolved in MeCN at 70 C and then put into refrigerator. The 
25 
 
final product was separated with the use of centrifuge. To check the chemical 
structure of the product, nuclear magnetic resonance (NMR) was used. The results 
were shown in the next section. 
 
The product needed for coating is the phosphonic acid-terminated POSS. 
Bis-phosphonate ester-terminated POSS (12.5g) was added to the dry DCM. The 
DCM was treated with the same procedure as mentioned above. Then the content was 
purged by nitrogen for 30 mins. Afterwards, bromotrimethylsilane (TMBS) was 
injected. The mixture was then stirred for 24 h at room temperature. Then, CH3OH 
(117 mL) was added to quench the reaction for 1 h. The detailed of the synthesis was 
shown in Scheme 2.3. 
 
Scheme 2.3: Phosphoric acid-terminated POSS synthesis schematic. 
 
In this step, the desired product, phosphonic acid-terminated POSS, was synthesized. 
A rotary evaporator was used to remove the solvent. The residue was washed by pure 
acetonitrile for several times to afford the relatively pure product which was collected 
with a centrifuge, as a white solid. To determine the chemical structure of the product, 
NMR was used. The results were shown in the next section. 
 
The commercial BST particles contain lots of ions and other impurities. Before use, 
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the necessary purification was needed. The BST particles were first added to ethanol 
and ultrasonicated for 30 min. The solid was centrifuged out and added to acetone. 
Then the mixture was kept under ultrasonication for 30 min and the solid was 
collected with centrifuge. After two steps, the BST particles was added into the 
dialysis tubing (Fisher brand) and washed by the de-ionized water for 3 d. During 
washing the DI water was changed when necessary. The purified BST particles were 
then added in hydrogen peroxide (6:1 molar equivalence to BST) and refluxed at 100 
C for 4 h, to produce hydroxyl to the particle surface. The surface modification was 
helpful for dispersion in SEBS when coated by phosphonic acid-terminated POSS. 
 
To coat the BST particles with the phosphonic acid-terminated POSS, the surface 
modified BST particles (2.0 g) were dispersed in 150 mL xylene/ethanol (75/25 by 
volume) mixture solvent. The content was then followed by 2 h of ultrasonication in a 
300 W ultrasonic bath. The phosphonic acid-terminated POSS was added to 20 mL of 
the xylene/ethanol solution (10/10 by volume) and the mixture was sonicated until 
completely dissolved. The dissolved phosphonic acid-terminated POSS was then 
added dropwise by a syringe pump to the ultrasonic bath BST solution over an hour.  
After all of the phosphonic acid-terminated POSS is added, the resulting solution was 
kept sonication for 1 h and then refluxed approximately 12 h at 140 C. During this 
step, the amount of phosphonic acid-terminated POSS used was calculated as the 
following: 
As already known, the Specific Surface Area of BST was: 4.36m
2
/g; 
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Assume that for each square nanometer of the particle surface, there is 2 
phosphonic acid-terminated POSS molecule; 
 
Based on the two conditions above, it’s easy to get that for 1 g BST particles, the total 
surface area is 4.36m
2
, so the moles of the POSS should be 4.3626.021023. Then 
for 1 g BST, the POSS needed to coat the whole surface is 0.02 g (the molecular 
weight of the phosphonic acid-terminated POSS is 1249.92 g/mol). For experiment, 
the phosphonic acid-terminated POSS needed as reagent is 0.4 g, which is 20 times 
more than the theoretical amount. 
 
For the final product, some coated particles may still be too large to use because of 
the aggregation of the nanosized particles. So, in the followed steps, large aggregates 
were removed by centrifuging the suspension at 3,000 rpm. The upper suspension was 
collected and then centrifuged at 7,500 rpm for 30 min. The resulting particles were 
then washed 3 times with xylenes. Here, one important thing is, the synthesized final 
product, which is the BST particles coated by the phosphonic acid-terminated POSS, 
was still very easy to aggregate because of the strong Van der Waals interaction. So, 
the desired particles were dispersed and kept in xylenes before blending with the 
SEBS matrix. 
 
The coating of the BST particles with OPA was quite similar. The amount of OPA 
used was calculated as followed: 
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Specific surface area of BST is 4.36𝑚2/𝑔 as known, and the molecular weight of 
the OPA is 194.21 g/mol; assume per nm
2
 has 2 OPA chains, so 1 g BST has 4.36 
𝑚2, 4.3626.021023 mol, which means 0.003 g OPA. For the experiments, the 
BST/OPA is 1/0.05 (by weight). 
 
To synthesize the BST coated by OPA, almost the same procedure was conducted. 
The surface modified BST particles (2.0 g) were dispersed in 150 mL xylene/ethanol 
(75/25 by volume) mixture solvent. The content was then followed by 2 h of 
ultra-sonication in a 300-W ultrasonic bath. The OPA was added to 20 mL of the 
xylene/ethanol solution (10/10 by volume) and sonicated until completely dissolved. 
The dissolved OPA was then added dropwise by a syringe pump to the ultrasonic bath 
BST solution for an hour.  After all of OPA is added, the resulting solution was kept 
sonicating for 1 h and then refluxed approximately 12 h at 140 C. 
 
For the final product, the large and aggregated particles were also removed by 
centrifuge. However, this time the upper suspension was collected at 1000 rpm for 5 
min and then centrifuged at 3000 rpm for 5 min. The resulting particles were then 
washed 3 times with xylenes before blending and the FITR testing. Here, one 
important thing is, the BST particles coated by OPA was not as good as coated by 
POSS, so it couldn’t form a suspension in xylenes. That’s also the reason why low 
speed centrifugation was used. 
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2.2.2 Preparation of Composite 
Thermo Scientific HAAKE Mini-Lab II was used to blend the coated BST particles 
with SEBS, to prepare the composites. As mentioned above, the mini-lab is a micro 
compounder for small sample amounts based on a conical, twin-screw compounder 
with an integrated backflow channel. This minilab allows a sample amount of 5 g only. 
So to fabric the final composite, 5 mL mixture (including both SEBS and BST 
particles) were blended under the circulation mode. 
 
As we known, the density of the BST particles is 6 g/cm
3
, and the SEBS is 0.88 g/cm
3
. 
The total volume is 5 mL as mentioned above. In this part, different compositions by 
volume fraction were made (the compositions of the BST particles were 5%, 10%, 
15%, 20% and 30%). The compositions of the final composites were calculated as 
shown in table 2.1. 
Table 2.1 Calculation Results of Different Compositions 
Volume Fraction Item Volume ( g/cm
3
) Mass (g) 
5% BST 0.25 1.5 
SEBS 4.75 4.18 
10% BST 0.5 3.0 
SEBS 4.5 3.96 
15% BST 0.75 4.5 
SEBS 4.25 3.74 
20% BST 1 6.0 
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SEBS 4 3.52 
30% BST 1.5 9.0 
SEBS 3.5 3.08 
 
To do the blending, the fillers and polymer matrix with Thermo Scientific HAAKE 
Mini-Lab, several methods were tried in this thesis: 
 
1) Add the coated BST particles and the SEBS matrix directly into the feeder. The 
SEBS granules and the BST particles powder were mixed before blending. Then the 
mixture was fed into the mini-lab for further blending. This method was not good for 
processing. The first issue is when the BST particles were dried, the aggregation 
already took place for the strong Van der Waals force. Another issue should be 
concerned is that the final composition is difficult to control because it’s not an easy 
task to add all of the nano powders into the mini-lab. 
 
2) The second method tried in this study is with the help of hot-pressing. The pure 
SEBS granules were hot-pressed at 120 C and the SEBS films were made. The film 
was then used to wrap the BST particles. The content (SEBS film with the BST 
particles contained) was then put into the hot-press machine and pressed at 120 C. 
Fold the new film and repeat the procedure for several times to get a pre-blending 
film before using the mini-lab. However, there are still some issues for this method. 
The first one is still the aggregation that took place when the BST particles were dried. 
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And the hot-pressing may make it even worse. Another one is that the BST particles 
may blow up when hot pressing. 
 
3) Co-precipitate of nano fillers and the polymer matrix was found very efficient to 
blend. Because THF has the capability to dissolve the SEBS and the coated BST 
particles can easily suspend in THF. The BST@POSS, obtained from the 7,500 rpm 
centrifugation, was added to THF and ultrasonicated for 2 h. The SEBS was dissolved 
in the THF by stirring. Then mixed the two contents and kept stirring overnight till the 
solvent was removed. With this method, the pre-precipitate samples were made and it 
will be much more accurate when blending with the mini-lab. 
 
All of the methods have been tried in this thesis. For the final blending steps which 
with the help of mini-lab, the fillers and polymer matrix were blended under the 
circulation mode and the temperature was set at 160 C. At the end of the test, the 
sample was extruded as an elastomeric strand. 
 
2.3 Results and Discussion 
To determine the chemical structure of the intermediate product, bis-phosphonate 
ester-terminated POSS, and the final product, phosphonic acid-terminated POSS, 
NMR was used. The results were shown in Fig 2.1a and b. And the structure of each 
product was also shown in the figure. 
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Fig 2.1 1H NMR spectra of functionalized POSS: a) bis-phosphonate ester-terminated 
POSS and b) phosphonic acid-terminated POSS. 
 
The 
1
H NMR spectrum is shown in Figure 2.1.  The 
1
H NMR testing was conducted 
at 600 MHz. The CD3Cl was used as the solvent: 4.18 (quint, 4H), 3.61-3.42 (m, 7H), 
3.00 (d, 2H), 1.85 (m, 7H), 1.67 (m, 3H), 1.35 (t, 6H), 0.95 (d, 42H), 0.59 (d, 16H). 
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From the spectrum the desired structure was determined throughout the synthesis. The 
NMR results clearly indicate that phosphonic acid-terminated POSS has been 
successfully synthesized. 
 
FTIR was carried out to determine the structure of the BST particles coated by the 
OPA. 32 scans were recorded at a resolution of 4 cm
-1
. The result was shown is Fig 
2.2. 
 
Fig 2.2: FTIR spectrum of BST@OPA. 
 
The absorption peaks at 2962 cm
-1
 is assigned to alkyl C-H bonds. The peaks at 1241 
and 1040 cm
-1
 are representative of the phosphonate group. The peaks at 3450 cm
-1
 
represent the O-H bonds of hydroxyl groups. Results from FTIR results indicate that 
BST@OPA has been successfully synthesized. 
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The third method for blending was used to fabricate the final composites. After 
comparison, it was proved to be the most efficient and accurate way. The circulation 
mode was used and the temperature was set at 160 C. For each blending circle, the 
co-precipitate content was blended for 10 min before fluxing. At the end of the test, 
the sample is extruded as an elastomeric strand.   
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CHAPTER 3: Characterization of SEBS/BST Composites 
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3.1 Introduction 
This chapter discusses characterization of the morphology and other functional 
properties of the synthesized EAPs in this study. Different characterization methods 
were used and both results and preparation of samples are discussed. Scanning 
electron microscope (SEM) was used to study the morphology of both the 
BST@POSS and BST@OPA were tested to show the dispersion of fillers in the SEBS 
matrix. Instron electromechanical testing system is used to test a wide range of 
materials in both tension and compression modes. Since Young’s modulus is a very 
important index for the actuation properties, low Young’s modulus is always needed. 
However, the BST particles enhanced the electrostatic force and improved the 
Young’s modulus at the same time. This system has the capability to apply a load to a 
test specimen via the moving crosshead, with drive system moving up to apply a 
tensile load on the specimen, or down to apply a compressive load on the specimen. 
The load was measured by the load cell, which can convert the load signal to an 
electrical signal. The signal was then measured and displayed by the control system. 
In this study the compression testing was carried out on cylindrical specimens to test 
the Young’s modulus of the EAPs. Five samples for each composition were tested for 
reproducibility. A special mold was designed and used to prepare samples for 
compression samples, which will be detailed as followed. Dielectric constant and loss 
are also important parameters for the EAPs. In this paper, BDS was used to test the 
dielectric properties of the films. In the BDS study the relative permittivity, loss and 
tanδ were determined. BDS covers a large spectral range of frequency and a wide 
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range of temperatures; it has emerged in many areas of modern science and 
technology. BDS has been used to deal with the topics like molecular dynamics in 
nanometric confinement, scaling of relaxation processes of glass-forming liquids and 
polymers, charge transport in ion-conducting systems etc. In this study, both 
frequency-scan and temperature-scan were detailed. For the sample preparation, the 
thermal evaporation was carried out with Angstrom deposition system. This system 
allows sample coating using a variety of deposition techniques within the same 
machine, such as thermal resistive evaporation, electron beam evaporation, and 
sputter deposition. The main task of this thesis is actuation. To do this experiment, the 
measurement was processed with the Linear Variable Differential Transformer 
(LVDT). The LVDT is used as the electromechanical transducer that can convert the 
rectilinear motion of an object into a corresponding electrical signal. 
3.2 Morphology Characterization 
3.2.1 SEM 
In this study, the SEM was combined with a focused ion beam (FIB) to provide the 
images of the dispersion for both BST@POSS particles and the BST@OPA particles. 
The FIB techniques can precisely remove micrometer or even sub-micrometer 
thickness of a material. It has been used to section the material for microscopy. FIB 
techniques can also be used to fabric the polymer gratings and polymer photonic 
crystal masters.
23, 24
 For the SEM testing, FIB/SEM analysis techniques can be used to 
scan the cross-sections and sequentially examine the images. There are also reports of 
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using these techniques to examine the changes caused by the dielectric breakdown in 
the layer structure as a function of distance from a breakdown site, by comparing 
images of cross sections of pristine films with those after a breakdown.
25
 
 
In this thesis, the FIB/SEM was completed in the U.S. Naval Research Laboratory. 
Before imaging, each sample was sputter coated with a thin layer of Au using a 
Bal-Tec SD-005 sputter coater. And for the cross-section image, the films were 
prepared using an FEI brand FIB.
25
 It turns out that the conjunction of FIB and SEM 
are useful to investigate the dispersion of the BST@POSS systems and the 
BST@OPA systems. Secondary electrons and backscattered electrons imaging were 
performed in a JEOL JSM-5800 scanning electron microscope at 20 keV. The FIB 
analysis was carried out in a FEI analytical dual beam FIB. The ion beam was tilted 
52° with respect to the electron beam and was only used for milling. The samples 
were milled with a Ga + ion beam current of 7 nA with the acceleration voltage of 30 
keV. For the cross-sections imaging, the samples were cooled down in liquid nitrogen 
till they behave in a brittle manner and then broken. With the comparison of 
morphology images, the efficiency of POSS as the dispersants has been discussed. 
 
3.2.2 Results and Discussion 
First, the FIB/SEM technique is used to image the morphology of the 
SEBS/BST@OPA composites, with the volume fraction of the OPA as 15%. Figure3.1 
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displays SEM images of the surface at different magnifications. As shown in Scheme 
3.1 B, some interesting branch structures seen on the surface. These were revealed to 
be a aggregation of nanoparticles on the surface at high magnification as shown in 
Figure 3.1 C. Measurement of the nanoparticles on the surface has shown that the 
particles are on average around 200 nm in diameter. Most of them are oval-shaped. 
 
 
Figure 3.1: SEM micrographs of the 15 vol.% SEBS/BST@OPA film: A) 80x 
magnification; B) 100x magnification; C) 35,000x magnification; D) 35,000x 
magnification with particle sizes.  The BST particles are on average around 200 nm 
in diameter. 
 
The cross-section images shown in Figure 3.2 were obtained by FIB milling a trench 
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from the film surface. The Figure 3.2 A shows that the nanoparticles dispersion in the 
film was not even. There seems to be 3 levels of dispersion: 1) individual particles, 2) 
moderate-sized aggregates, and 3) large aggregates.  Magnified view of the 
dispersion including individual particles, moderate-sized aggregates, and large 
aggregates are shown in Figure 3.2 B. Most of the internal structure in this 
cross-section shows somewhat even distribution of very small particles, but there are 
some areas with significant aggregation. In Figure 3.2C, moderate sized aggregates 
are measured, again ranging from 400 nm to 1.4 µm. Individual nanoparticles are now 
clearly resolved at higher magnification in Scheme 3.2D, along with the structure of 
some of the moderate-sized aggregates, which are clearly shown to be clusters of the 
smaller particles. Measurement of the individual nanoparticles shows that they are 
generally between 35 and 80 nm. 
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Figure 3.2: SEM micrographs of a cross-section of the 15 vol.% SEBS/BST@OPA 
film prepared by FIB: A) at 6,500x magnification; B) 10,000x magnification; C) 
25,000x magnification; D) 65,000x magnification. 
 
The cross section images of the 15% SEBS/BST@POSS film were shown in 
Figure3.3, which were also obtained by FIB milling a trench through the film. 
Measurement of the individual nanoparticles was shown and they are generally 
between 35 nm and 80 nm. 
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Figure 3.3: SEM micrograph of a cross section of the 15 vol.% SEBS/BST@POSS 
film, prepared by FIB: A) at 5,000x magnification; B) 15,046x magnification; C) 34,982x 
magnification; D) 100,075x magnification. 
 
Different kind of dispersion can be seen in Figure3.3A): individual particles, 
moderate sized aggregates, and very large aggregates. Magnified view of all the 
dispersion was shown in Figure3.3 B). The internal structure in this cross section 
shows somewhat even distribution of very small particles. In C) and D), it can be 
found that the dispersion was more homogeneous compared with the OPA coated 
samples. Also the aggregates measured at higher magnification, indicates that the 
fillers were smaller, which means less aggregates were generated. With the 
comparison of morphology images, the efficiency of POSS as the dispersants was 
obviously better. 
 
3.3 Mechanical Property Characterization 
Instron’s electromechanical testing system was used to test a wide range of materials 
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in both tension and compression modes, with the load frames to apply a load to a 
specimen via the moving crosshead. In this study, Instron model 5565 was used to test 
the Young’s modulus of the EAPs. This testing was under both a compression mode 
and a tension mode.  In the compression mode, the drive system moves the 
crosshead down to apply a compressive load on the sample.  In the tension mode, the 
drive system moves up to apply a tensile load. The load was measured by the load cell, 
which could convert the load signal to an electrical signal. The signal was then 
measured and displayed by the control system. 
 
3.3.1 Sample Preparation 
To conduct the compression testing, cylindrical specimens are needed. A special mold 
was designed and used to prepare samples for compression, as shown in Scheme 3.1. 
The mold was made of aluminum and fabricated in the machine shop. The upper part 
was heavy and used to press the samples. When used, the raw materials (e.g., 
SEBS/BST@POSS composites) were cut into pieces and added inside the middle part 
of mold. The whole system was then put above the heating stage. Because aluminum 
has good thermal conductivity, at 120 C, the raw materials will start to melt and the 
mold will press the materials to 10 mm in diameter and around 5 mm in height by its 
own weight. The size of the mold was shown in the Scheme 3.1. However, even the 
size of the mold was accurate; the height of the final samples always fluctuated. So, 
the accurate height should be adjusted when testing. 
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Scheme 3.1: The mold designed to make compression testing specimens. 
 
With the mold, cylindrical samples for compression testing were made. The samples 
were 10 mm in diameter and around 5 mm in height. The Instron model 5565 
universal testing machine used to carry out the compression testing in this thesis was 
fitted with a 5 kN load cell, at a crosshead of 5 mm/min. 
 
To conduct the tension testing, standard samples were used. The materials were made 
into films by a hot-pressing platen, which was detailed in the next section. This 
procedure was the same as the preparation for BDS testing and actuation testing. The 
hot-pressed films were then cut into the standard dumbbell size. When measuring, the 
samples were clamped by the holder. The thickness, width, and the length was 
measured for each testing. The Instron model 5565 universal testing machine was 
used to carry out the tension testing, which was fitted with a 5 kN load cell, at a 
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crosshead of 5 mm/min. 
 
3.3.2 Results and Discussion 
As mentioned above, the compression testing was carried out on cylindrical samples 
(∼10 mm in diameter and 5 mm in height) using an Instron model 5565 universal 
testing machine. The samples included the composites of different volume fractions: 
5%, 10%, 15%, 20%, and 30%. Five specimens were tested for reproducibility for 
each composition. The initial modulus was calculated from the slope of the linear 
portion of the stress-strain curves. The average of the moduli was shown in Table 3.1. 
The modulus shows that the more particles added, the higher the modulus is, which 
means the composites were stiffer. 
Table 3.1 The modulus of each compositions by compression mode 
Composition/% 0 5 10 15 20 30 
Y/MPa 0.34 
±0.013 
0.45 
±0.012 
0.71 
±0.029 
1.28 
±0.022 
2.36 
±0.048 
6.30 
±0.031 
 
The modulus trend shows that when blended with fillers, the composites become 
stiffer. A large increase was seen when the volume fraction of the fillers was above 
20%. This may be because the percolation threshold was reached, which will lead to 
the dramatic changes of physical properties. The stress-strain curves are shown in Fig 
3.4. 
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Fig 3.4 Stress-Strain curves in compression testing mode. 
 
The stress-strain cure shown in Fig 3.4 was one of the series testing. Considering that 
the deformation for the final composites, the compression testing was only up to 10% 
deformation and the initial modulus was calculated from slope of the linear portion of 
the stress-strain curve. 
 
In order to calculate the theoretical actuation generated by the Maxwell force, same 
conditions should be kept same for each sample’s preparation. The tensile testing was 
carried out on the dumbbell samples using an Instron model 5565 universal testing 
machine. The samples included the pure SEBS and the composites of different 
volume fractions: 5%, 10%, 15%, 20%, and 30%. Five samples for each sample were 
tested for reproducibility. The initial modulus was calculated from the slope of the 
linear portion of the stress-strain curve. The average of the modulus was shown in 
Table 3.2. It’s clear that the more particles were added, the higher the modulus was, 
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which meant the composites were stiffer. 
Table 3.2 The modulus of each composition by tension mode 
Composition/% 0 5 10 15 20 30 
Y/MPa 2.98 
±0.074 
3.34 
±0.019 
3.87 
±0.012 
4.22 
±0.029 
5.27 
±0.016 
9.37 
±0.024 
 
It’s obvious that when blended with fillers, the composites become stiffer. And it’s 
also easy to notice that the tensile modulus was always higher than the compression 
modulus. This may come from that the pressing force for making samples was 
different. The compression samples were pressed by its own weight, which was much 
less that the pressing machine. Besides, during the sample preparation in compression, 
the materials were melting and micro-phase separated, which may lead to softer 
samples. This was also the reason that in this thesis the tensile modulus was used for 
calculation. Also a huge increasing was seen when the volume fraction of the fillers 
was above 20%, which may also come from the percolation. The stress-strain curves 
for the tension mode are shown in Fig 3.5. 
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Fig 3.5 Stress-strain curve of tensile testing. 
 
3.4 Dielectric Characterization 
This section introduced how the raw composites were made to films with the 
hot-pressing machine. The resistive evaporation used to coat the electrodes on the 
film was detailed. The BDS used to get the dielectric constant and loss was discussed. 
 
3.4.1 Sample Preparation 
The synthesized composites (including both the SEBS/BST@OPA composites and the 
SEBS/BST@POSS composites) above were in strand shape after blending with the 
mini-lab. For dielectric and actuation tests, thin films were needed. So, the 
hot-pressing platen was used to make thin films (30~70 µm). In this study, the 
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hot-pressing consists of a hydraulic press with manually operated oil pump and two 
heated platens. The temperatures of heated platens are controlled by two digital 
temperature controllers separately up to 200 °C. Water cooling jackets are installed 
with heating plate. One pressure gauge (250 KN) is also mounted to monitor the 
pressure applied on the platens. When processing, both the upper and the bottom 
platens were set as 120 C to compress the synthesized composites to films. A mask 
made of Kapton was used to control the final thickness of the films within 30 to 70 
µm. For each volume fraction (including both the SEBS/BST@OPA composites and 
the SEBS/BST@POSS composites), several samples were made. The films were then 
cut into small pieces and stick to a mask before coating with the electrodes for BDS 
testing. 
 
As for the BDS testing, the electrodes were needed to coat onto the film. To achieve 
this requirement, resistive evaporation was used to carry out the coating. Resistive 
evaporation is a commonly used vacuum deposition method. When processing, the 
filament was heat by the use of electrical energy. The generated heat was then used to 
heat the deposition material to the point of evaporation. The process was performed at 
very high levels of vacuum, so the long mean free path was available and there were 
fewer tendencies to introduce film impurities. In this thesis, a thin film deposition 
systems developed by Angstrom Engineering was used. Based on this technique 
mentioned above, this system allows to deposit a wide range of materials including 
metals, organic, and inorganic polymers. A glove box was combined with the system 
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when processing. 
 
For BDS testing, the silver was chosen as the electrodes given to the cost and the 
performance. A metal mask was designed and fabricated to control the diameter of 
each samples to 10 mm. The thickness of each sample was determined by the 
hot-pressing. The final deposition thicknesses of the silver electrodes on the both 
sides were set as 50 nm. 
 
3.4.2 Broadband Dielectric Spectroscopy 
In this study, BDS testing was under the frequency-scan and temperature-scan 
measurements with the performance of a Novocontrol Concept 80 dielectric 
spectrometer with the frequency ranging from 1 Hz to 1 MHz and the temperature 
ranging from -50 to 50 °C at 1.0 Vrms. The temperature was controlled by the turn 
key systems and a microprocessor. They are designed for easy, safe and full automatic 
operation enabling computer controlled experiments over several days without 
supervision as required for low frequency measurements. The sample cell used in this 
study was standard sample cell (BDS1200). The sample material is prepared between 
two cylindrical gold plated electrodes as a sandwich capacitor. After preparation, the 
sandwich capacitor is mounted between the electrodes of the BDS1200 sample cell. 
Both SEBS/BST@OPA systems and the SEBS/BST@POSS systems were studied in 
this study to make a comparison. For each system different compositions were 
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measured (including 5%, 10%, 15%, 20% and 30% by volume fraction). And the pure 
SEBS film was also fabricated to make a comparison. To ensure the pure SEBS under 
the same condition, the SEBS granules were extruded by the mini-lab under the same 
condition. Then the pure SEBS strand was hot-pressed to make a film and both sides 
were coated by 50 nm thickness silver as electrodes with the resistive evaporation 
under the same condition. 
 
3.4.3 Results and Discussion 
As mentioned, different compositions of two systems were measured. 
Temperature-scan and frequency-scan BDS were carried out. The dielectric constant 
and the loss results of temperature-scan of the SEBS/BST@OPA systems are shown 
in Fig 3.6. 
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Fig 3.6: Temperature-scan of the SEBS/BST@OPA systems. εr′ of different volume 
fraction are shown in: A) 5%; B) 10%; C) 15%; D) 20%; E) 30%. εr″ of different 
volume fraction are shown in: A’) 5%; B’) 10%; C’) 15%; D’) 20%; E’) 30%. 
 
Both dielectric constant (εr′) and loss (εr″) were observed by the temperature-scan. 
Upon the increasing of temperature from -50 C to 50 C, different frequencies were 
also measured. From the dielectric constant data it can be implied that the εr′ didn’t 
change much when the temperature and frequency changed. It’s also obvious that with 
more fillers added, the εr′ of the bulk composite will increase. However, the increasing 
of the εr″ can be seen in the loss data when more filler added. And it can also be found 
that at higher temperature εr″ was higher. The losses were originated from impurity 
ions,
26
 which may come from the synthesis of the OPA coated particles. The dielectric 
constant and the loss results of frequency-scan of the SEBS/BST@OPA systems are 
shown in Fig 3.7.  
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Fig 3.7: Frequency-scan of the SEBS/BST@OPA systems. εr′ of different volume 
fraction are shown in: A) 5%; B) 10%; C) 15%; D) 20%; E) 30%. εr″ of different 
volume fraction was shown in: A’) 5%; B’) 10%; C’) 15%; D’) 20%; E’) 30%. 
 
Similar to the temperature-scan, both dielectric constant (εr′) and loss (εr″) were 
observed by the frequency-scan from 0.01 Hz to 1 MHz. The measurement was 
carried out at room temperature. From the dielectric constant data it can still be 
implied that the εr′ didn’t change much when the frequency changed. The εr′ of the 
bulk composite increased obviously with the more filler added. While the εr″ also 
increased when more fillers added. This time the ion migration loss was observed at 
lower frequency which means the higher εr″ was originated from impurity ions,
26
 
which may come from the synthesis of the OPA coated particles. The dielectric 
constant and the loss of the pure SEBS was also measured by the frequency-scan (at 
room temperature) and temperature-scan and shown in the Fig 3.8. 
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Fig 3.8: frequency-scan (at room temperature) of SEBS: A) is dielectric constant and 
A’) is loss; temperature-scan of SEBS: B) is dielectric constant and B’) is loss. 
 
Since the main concern of this study is the dielectric constant, the εr′ of pure SEBS 
was very stable to be used as a baseline. It can be clearly observed that the addition of 
the BST particles help to improve the dielectric constant of the bulk composites. The 
peaks appeared in the curve of the loss in frequency scan are more difficult to be 
explained, for the dielectric behavior of SEBS is complicated. It may come from the 
relaxation process between the hard domain/soft domain of EB and styrene blocks. It 
may also come from the additives and other residues in the commercial products. For 
the other system, which is the SEBS/BST@POSS composites, the temperature-scan 
and frequency-scan by the broadband dielectric spectroscopy (BDS) were also carried 
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out. The dielectric constant and the loss results of temperature-scan are shown in Fig 
3.9. 
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Fig 3.9: Temperature-scan of the SEBS/BST@POSS systems. Dielectric constant of 
different volume fraction was shown in: A) 5%; B) 10%; C) 15%; D) 20%; E) 30%. 
Loss of different volume fraction was shown in: A’) 5%; B’) 10%; C’) 15%; D’) 20%; 
E’) 30%. 
 
Both dielectric constant (εr’) and loss (εr’’) were observed by the temperature-scan 
from -50 C to 50 C, and different frequencies were also measured. From the 
dielectric constant data it can be implied that with more fillers added, the εr′ of the 
bulk composite will increase, with the loss εr″ increasing at the same time. And it can 
also be found that at higher temperature εr″ was higher. The losses were originated 
from impurity ions,
26
 which may come from the synthesis of the POSS coated 
particles. The εr′ didn’t change much when the temperature and frequency changed. 
However, it can be seen that compared with the SEBS/BST@OPA systems, the εr′ of 
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the lower frequency was much higher than the higher. This difference may come from 
the interfacial polarization and the ionic polarization. The dielectric constant and the 
loss results of frequency-scan of the SEBS/BST@BST systems are shown in Fig 3.10.  
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Fig 3.10: Frequency-scan of the SEBS/BST@POSS systems. Dielectric constant of 
different volume fraction was shown in: A) 5%; B) 10%; C) 15%; D) 20%; E) 30%. 
Loss of different volume fraction was shown in: A’) 5%; B’) 10%; C’) 15%; D’) 20%; 
E’) 30%. 
 
Similar to the temperature-scan, both dielectric constant (εr’) and loss (εr’’) were 
observed by the frequency-scan from 0.01 Hz to 1 MHz. The measurement was 
carried out at room temperature. The εr′ of the bulk composite still increased 
obviously with the more filler added. While the εr″ also increased when more fillers 
added. This time the ion migration loss was observed at lower frequency which means 
the higher εr″ was originated from impurity ions.
26
 However, the slope at the higher 
frequency was more obvious compared with the SEBS/BST@OPA system. To 
compare the difference of the two systems, the dielectric constant from 
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frequency-scan of each composition at 100 Hz was listed in Table 3.3. 
Table 3.3 Dielectric Constants at 100 Hz 
 5% 10% 15% 20% 30% 
SEBS/BST@OPA 2.57 3.25 3.87 4.80 8.05 
SEBS/BST@POSS 2.57 3.37 4.24 5.20 6.40 
Note: the εr′ was from the frequency-scan at room temperature. 
 
Given that the dielectric constant of the pure SEBS is 2.1 from the Fig 3.9A, Table 3.3 
shows that when more filler added, the dielectric constant of the bulk composites 
becomes higher. Same like the modulus trend, a large increase was seen when the 
volume fraction of the fillers was above 20%. This may because the percolation 
threshold was reached, which will lead to the dramatic changes of physical properties. 
It should also be mentioned that at low volume fraction, the dielectric constant of the 
two systems was quite similar (even sometimes the dielectric constant of the 
SEBS/BST@POSS was higher, the difference was quite small). However at higher 
volume fraction, the dielectric constant of the SEBS/BST@OPA composites was 
much higher. This difference was from the dispersion, for the large aggregation leads 
to higher dielectric constant. This difference also indicated that the BST particles 
coated by the POSS can form a better dispersion, which means POSS as dispersants is 
better and more efficiency. 
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3.5 Actuation Measurement 
This section the raw composites were made to films with the hot-pressing machine 
just like for the BDS testing. The resistive evaporation was also used to coat Al 
electrodes on the film. The LVDT used to get the strain deformation was detailed. 
 
3.5.1 Measurement Method 
For the materials that have large deformation, lots of methods have been reported. In 
some cases the conductive carbon grease was used as the compliant electrodes on the 
two surfaces of the film. The composite was fixed on a rigid circle frame. The strain 
was calculated by the change of the electrodes' area. A camera was used to capture the 
actuators before and after applying the voltage, and then these captured images were 
processed with the Photoshop.
21, 27
 This way works for the large deformation of the 
materials with extremely low Young’s modulus. 
 
It is accepted by many researchers that, the effective actuation pressure, p, is given 
by:
20
 
𝑝 = 𝜀𝜀0𝐸
2 = 𝜀𝜀0(𝑉/𝑍)
2                      (3.1) 
where E is the electric field, 𝜀 is the dielectric constant, 𝜀0 is the permittivity of free 
space, V is the voltage, and z is the polymer thickness. 
For small strains with free boundary conditions, the polymer thickness strain, sz, is 
given by: 
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𝑠𝑧 = −𝜀𝜀0 (
𝑉
𝑍
)
2
/𝑌                        (3.2) 
where Y is the modulus of elasticity.  
This simple case illustrates the influence of the electrical and mechanical properties of 
the polymer on actuation performance. As already given by equation before: 
Δ =
𝐴−𝐴′
𝐴
=
1
1+𝑆𝑧
− 1                   (1.19) 
𝑆𝑧 =
1
1+Δ
− 1                        (1.20) 
Based on these equations, the relationship between the area changeΔand the modulus 
can be derived. The dielectric constant of pure SEBS has been given in Section 3.4, 
which is 2.1. Assume that the electric fields are 50 MV/m and 100 MV/m, the data is 
shown in Table 3.4. 
Table 3.4 the relationship between the area changeΔand the modulus 
Area changeΔ/% Thickness change 
Sz/% 
Expected modulus (MPa) 
At 50 MV/m At 100MV/m 
5 -4.76 0.98  3.90  
10 -9.09 0.51  2.04  
15 -13.04 0.36  1.43  
20 -16.67 0.28  1.11  
 
The SEBS used in this thesis has the tensile modulus as high as 2.98MPa. The 
modulus may be much too high for the testing described before. It should be also 
mentioned that the pure SEBS used in thesis paper is a commercial products with a 
polystyrene content of 13% (Kraton G1657M Polymer). The testing samples were 
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made by hot-pressing. However, in many papers, composite films were prepared by 
the solution-casting method.
27
 The solvent retained in the films functioned as a 
plasticizer. Hence, the ductility of the solution-casting ﬁlms increased dramatically 
compared with the hot-compressed ﬁlms.28 With this method, the swelling samples 
can have extremely low modulus because of the lower entanglement degree and 
weaker interaction contribution.
29
 In some studies, it reported that some micro pores 
were observed in the cast films during solution-casting, resulting in poorer mechanical 
properties, which means the low modulus.
30
 
 
In this thesis, the measurement was processed with the Linear Variable Differential 
Transformer (LVDT). The LVDT is used as the electromechanical transducer that can 
convert the rectilinear motion of an object into a corresponding electrical signal. 
When used, it is coupled mechanically to the samples. The components of the LVDT 
were shown in Scheme 3.2. Inside the transformer is a primary winding centered 
between a pair of identically wound secondary windings. The coils are wound on a 
one-piece hollow, wrapped in a high permeability magnetic shield, to form the 
stationary element of the position sensor. The moving element of the LVDT is a 
separate magnetically permeable core, which is free to move axially within the coil’s 
hollow with no physical contact. In operation, the core is mechanically coupled to the 
object.  
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Scheme 3.2: The components of the LVDT. 
 
The primary winding is energized by a constant amplitude AC source. The magnetic 
flux thus developed is coupled by the core to the adjacent secondary windings. When 
the LVDT’s core is in different axial positions, the induced voltage is different, 
resulting in the differential output voltage. As shown in Scheme 3.3, the phase angle 
of the primary excitation voltage will shift when the core passes inside. This shift can 
be used to determine the direction of the core from the null point. When processing, 
the linear position sensors are available to measure the movements as small as a few 
millionths of an inch. 
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Scheme 3.3: The operating principle of the LVDT 
 
3.5.2 Sample Preparation 
Following the same steps done for BDS testing, the strand shape composites were 
pressed to thin films by the hot pressing machine. The same hot pressing machine is 
used for the actuation testing, which consists of a hydraulic press with manually 
operated oil pump and two heated platens. When processing, both the upper and the 
bottom platens were set as 120 centigrade. A mask made of Kapton was used to 
control the final thickness of the films within 30 to 70 micrometers. Several samples 
were made for each volume fraction. 
 
For the actuation testing, the compliant electrodes were needed to coat onto the film. 
To achieve this requirement, thick electrodes and ductile material were needed. 
Aluminum was chosen as the electrodes, because of its good ductility and the cheap 
cost. The coating was carried out by the resistive evaporation. Resistive evaporation 
used for the samples coating was same as the BDS samples. The process was 
performed in the same principle and with the same deposition systems developed by 
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Angstrom Engineering. 
 
The area of each sample was controlled to 10 mm by the designed mask. The 
thickness of each sample was determined by the hot pressing. The final deposition 
thicknesses of the aluminum electrodes on the both sides were set as 100 nm. 
 
3.5.3 Results and Discussion 
The actuation measurement in this thesis was conducted in the U.S. Naval Research 
Laboratory. This was a dynamic testing, which means four ramps were used for each 
electric field. For example, if the testing field was set as 50MV/m, the electric field 
went from 0 to 50MV/m and then back to 0. This circle was the first two ramps. In the 
next circle the field went from 0 to 50MV/m and again back to there, which was the 
last two ramps. The strain of the thickness was recorded by the LVDT. The samples 
were coated by 100nm aluminum as mentioned above. The pure SEBS samples was 
used to determine the final testing conditions, the result was shown in Fig 3.10. For 
each samples, the electric field was added 5MV/m each time and increased from 
10MV/m till 150MV/m or breakdown. Under each field, single ramp lasted 5s, which 
means the measurement of each field cost 20s. In the Fig 3.11, only part of data which 
up to 100MV/m was shown. The data of the 100MV was shown independently to 
make a clear understanding and comparison. 
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Fig 3.11: Actuation measurement of pure SEBS: A) Ramps of different electric fields; 
A’) Ramp of 100 MV/m. 
 
Obvious hysteresis can be seen in the results of the pure SEBS. As a dynamic testing, 
the ramps or the circles were shown clearly. The SEBS/BST@POSS composites were 
also measured at the same conditions. Different compositions were measured at 
different electric field. In the Fig 3.12, only part of data which up to 100 MV/m was 
shown. Again the data of the 100 MV/m was shown independently to make a clear 
understanding and comparison. 
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Fig 3.12: Actuation measurement of SEBS/BST@POSS composites. Ramps of 
different electric field: A) 5%, B) 10%, C) 15%, D) 20% and E) 25%; Ramp of 
100MV: A’) 5%, B’) 10%, C’) 15%, D’) 20% and E’) 30%. 
 
When compared the pure SEBS samples with the composties, the hysterisis was 
increased significantly. This may because the enhancement of the dielectric constant 
resulting from the add of ceramic particles BST. It was also obvious that with the add 
of BST particles, higher deformation was seen in all the composite. The best result 
was shown in the 10% samples, with the most smooth curve and the largest strain at 
100 MV/m. Noise came when more particles were added. The particles increased both 
the bulk dielectirc constant and the loss at the same time. The decrease of the 
deformation was shown when more particles were added. The largest strain that can 
be obtained by different compositions was shown in Fig 3.13. The trend of strain of 
each composition was recorded under a sinlge ramp from 0 MV/m to 100 MV/m. 
 
Fig 3.13: Strain of different compositions. 
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The largest strain increased once the particles added. Compared with the pure SEBS 
the deformation was at least doubled. However, as more and more particles added, the 
strain decreased. It can be seen that the 10% composite showed the highest strain at 
100 MV/m. The 15% composite showed the lower result while still higher than the 5% 
fraction. When the fraction kept increasing, the value of the strain started to drop. The 
20% and the 30% samples showed even lower deformation than the 5%. This may 
come from the fact that the particles increased the dielectric constant, furthermore, 
increased the electrostatic force, and increased the Young’s modulus at the same time. 
This means that although the dielectric constant was higher with the BST particles, 
the composite became harder and tougher to compress. Since the particles had both 
sides, the balance between the Young’s modulus and the dielectric constant should be 
found. At low field the pure SEBS showed higher deformation. It may indicate that at 
low field the increase of the Young’s modulus showed stronger effect while the 
enhancement of the dielectric constant took charge at high field.  
 
The result was much lower when compared with some reports. As has been talked 
above, in many reports composite films were prepared by the solution casting method. 
And the material with extremely low modulus like slide-ring gel (polyrotaxanes) was 
also studied as the potential actuation materials
31
. The lower entanglement degree and 
weaker interaction contribute to the low modulus, which may increase the actuation 
performance. But it also should be noticed that the poor mechanical properties 
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resulted from low modulus may limit the applications of the EAPs. 
 
With the modulus and dielectric constant got in this thesis, based on equation 3.2: 
 𝑠𝑧 = −𝜀𝜀0 (
𝑉
𝑍
)
2
/𝑌                        (3.2) 
The strain of different compositions can be calculated theoretically. Assume that the 
field for actuation testing was 100 MV/m, and the dielectric constant was at 100 Hz, 
the calculation was shown in Table 3.5. 
Table 3.5: Actuation Strain by calculation 
Composition/% Dielectric Constant Modulus/MPa Strain/% 
0 2.20 2.98 6.53  
5 2.57 3.34 6.81  
10 3.37 3.87 7.71  
15 4.24 4.22 8.89  
20 5.20 5.27 8.73  
30 6.40 9.37 6.04  
 
From Table 3.5 it is easy to find that with more particles added, the actuation strain 
becomes larger and has the maximum at 15% fraction. This phenomenon was resulted 
from the fact that the fillers increase the dielectric constant and the modulus at the 
same time. Higher dielectric constant leads to higher Maxwell force and furthermore, 
larger deformation, while higher modulus means the composite is stiffer. The 
experimental data at 100 MV/m was also picked up and shown in Table 3.6. 
Table 3.6: Actuation Strain by experiment 
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Composition/% 0 5 10 15 20 30 
Strain/% 0.29 0.47 0.71 0.51 0.45 0.44 
 
The trend of the strain which reached a maximum at 10% fraction was clear just as the 
theoretical calculation. However, the value was quite little. It should be mentioned 
that for the equation the samples were made by solution casting or dip coating
20
 
compared with the hot pressing used in this thesis. Besides, the measurement method 
was also totally different. In this thesis the LVDT allowed the dynamic testing. The 
butterfly like data was highly repeatable and showed the elasticity of elastomers, 
which supposed to be the intrinsic property and requirement for application. To have a 
clearly comparison, result from both calculation and experiment was compared in Fig 
3.14. 
 
Fig 3.14 Maximum Strain at 100 MV/m, left) calculation result; right) experimental 
result 
 
It should also be noticed that the drawbacks of the LVDT method. One is that the film 
is too thin and soft (compared with ceramic), so the data may not reflect the real 
deformation of the film. Another one is the thermal coating may not be compliant 
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enough for actuation testing, especially for large deformation. However, the data was 
very self-comparable. Another phenomenon should be focused is, there is no dipole in 
the pure SEBS, so the force for the actuation should totally come from the Maxwell 
force, which can be calculated based on the equation. When ceramic fillers were 
added, the dipoles were also formed inside the composites. If divided by the effects of 
pure SEBS, the rest parts were shown in Table 3.7: 
Table 3.7 Calculation results after divided by the pure SEBS 
Composition/% 5 10 15 20 30 
Theoretical data 1.04 1.18 1.36 1.34 0.93 
Experimental data 1.62 2.45 1.76 1.55 1.52 
 
Based on the equation, the results of the theoretical data showed the increase of the 
strain caused by Maxwell force, which were proportional to the modulus and 
dielectric constant. The experimental data was always larger, which indicates that the 
Maxwell force may not be the only force that can generate the actuation. Given that 
the fillers inside can be regarded as dipoles, the inner force which may come from the 
interfacial polarization should also be considered. This may be another promising way 
to chase for high performance Electroactive Polymers. 
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